Abstract. It is possible to represent steady-state regional groundwater flow in a threedimensional, nonhomogeneous, anisotropic basin by a mathematical model. The numerical finite-difference approach can be used to solve the general case; the analytical separation of variables technique is restricted to two-dimensional layered mediums. The numerical method is more versatile, mathematically simpler, and well suited to computer oriented methods of data storage. Computer results are in the form of plotted potential nets from which flow patterns can be constructed.
slopes of various straight line segments in generalized watertable configuration. acceleration due to gravity. permeability. permeability of layer 1. permeability of layer 2. permeability of layer 3. pressure at given point. atmospheric pressure. Tgth [1962, 1963b] introduced this method and obtained solutions representing flow patterns in a two-dimensional section through a homogeneous basin for two separate water-table configurations. The actual formulas and quantitative results that were developed by Tbth are restricted to the specific cases that he considered.
The primary motivation for this study is to extend this approach to more general cases. The objective is therefore to develop a suitable mathematical model such that theoretical flow patterns can be obtained in a general three-dimensional, nonhomogeneous, anisotropic groundwater basin with any water- 3. The upper boundary of the saturated flow system is the water table, whose configuration is known. It will be considered as an imaginary surface beneath ground level at which the absolute pressure is atmospheric.
4. The position of the water table is steady; that is, it does not fluctuate with time. This condition corresponds to what is referred to in the soil science literature [Kirkham, 1958] as the 'steady rainfall' case, or it might better be termed the 'steady recharge' case.
In defense of the above assumptions, a few comments and amplifications are necessary. The first two assumptions imply that one need not employ the terminology of 'confined' and 'unconfined' aquifers. All formations within the basin have some permeability, no matter how small. The conditions inferred by a 'confined' aquifer automatically arise when a high permeability bed is overlain by one with a permeability that is many magnitudes lower.
The imaginary vertical boundaries need not exist under every topographic high; indeed, this is one of the questions to be investigated. It has been found in the field, however, that the extent of groundwater basins is controlled by major topographic features. The horizontal impermeable basement is a matter of convenience, but, where necessary, the case of a sloping basement can be handled by introducing a wedge-shaped formation of very low permeability at the base of the model. The assumption that the water table is the upper boundary of flow is again a matter of convenience. This approach has two distinct advantages' (1) it is convenient in establishing the upper boundary of the model, and (2) it is easily measured in the field.
Knowledge of the water-
In the rigorous approach, the entire saturatedunsaturated system should be considered as continuous [Luthin and Day, 1955 ] and the ground surface should be used as the upper boundary of flow. The numerical solution presented in this paper is applicable to such a system, but one must have the variation of permeability with soil moisture content in the two-phase region. Such data are not often available, and, since the thickness of this air-water region relative to the total thickness of a groundwater basin will normally be very small, we are assuming that the effects of this upper flow regime can be neglected.
The fourth assumption of a steady-state water table is basic to this study and also the most liable to criticism. It should be thought of as a case of dynamic equilibrium in which the recharge to the water table (and discharge from the water table) is just the necessary amount to maintain it in its equilibrium position at every point along its length and at all times. Clearly, the assumption is not rigorously correct, but it can be defended on the basis bf the following' 1. For the regional scale of most investigations, the difference of a few feet between high water and low water positions of the water The existence of a three-dimensional groundwater flow system implies the existence of a corresponding three-dimensional potential field. The field in this case is the groundwater basin. The potential is the hydraulic potential [Hubbert, 1940] (I, = gz + dp//p (1) The quantity • = q)/g is known as the hydraulic head and is measured in feet of water above a standard datum. Since • equals the hydraulic potential divided by the constant g, it, too, is a potential quantity and consequently obeys all the laws of potential theory. It is measured in simple units that have geometrical significance in regional groundwater flow. Hence, • will be used as the potential function throughout this study.
We can write I)arcy's law for flow in the x-direction of an x, y, z coordinate system in a nonhomogeneous medium as 
NUMERICAL SOLUTIONS
The three limitations placed on the mathematical model by the analytical solution are all removed in the numerical method. Therefore, it is possible to obtain potential patterns for a nonhomogeneous, anisotropic basin modeled in two or three space variables. It should be noted that in the initial development (Equations 3, 4, and 5) and in the numerical derivation to follow, the principal axes of the permeability tensor in the anisotropic case are assumed to coincide with the coordinate axes. However, by using the concept of the permeability tensor ellipsoid [Liakopoulos, 1965] , the numerical method can easily be adapted to cases where the principal directions of anisotropy are different from the coordinate directions. Consider first the two-dimensional case. In theory, it is possible to represent any groundwater basin by a three-dimensional mathematical model. Figure 9 illustrates the type of solution that can be obtained. Our approach was limited by using computer programs that worked entirely within the core storage of an IBM 7094 having 32,000 cells. Using this machine, we were limited to 7500 nodes, which restricted the three-dimensional model to a network of 25 X 25 X 12 nodes. 3. For simple cases, the computer time is approximately the same for either method. As the complexity of the problem increases, however, the computer times involved in the analytical solutions increase, whereas those for the numerical programs remain more nearly constant.
In any numerical technique for solving a partial differential equation, the continuum of points (x, z) making up the field and its boundaries is replaced by a finite set of points
4. Rcmso.n ½I al. [1965] have noted that a great advantage of the finite-difference digital computer approach is that it is compatible with machine oriented methods of data storage and retrieval.
They further state their belief that machine oriented storage will eventually be used for most types of groundwater data. It is likely that groundwater investigators will have libraries of programs capable of achieving certain types of solutions. It will be necessary only to take the data deck or tape for a given aquifer and the suitable program to a nearby computer to achieve a solution.
